An enzymatic system in rat liver microsomal preparations has been detected that catalyzes the transfer of the 2'-phospho-AMP moiety from NADP to endogenous polypeptides; the major acceptor is a polypeptide of about 40 kDa (p40). Modification of the acceptor by 2'-phospho-AMP residues was deduced from the simultaneous transfer of 2'-
Post-translational modification is used by cells to expand and to modulate properties and functions of proteins. Apart from hydrolytic processes, these modifications usually require group transferring coenzymes, in which the modifying group is present in an activated form, such as "aktivierte Essigsaure" in acetyl-CoA or active sulfate in adenosine 3'-phosphate 5'-phosphosulfate (cf. refs. 1 and 2). This applies also to ADP-ribosylation and ADP-ribosylation polymerizing reactions, in which NAD as the cosubstrate represents an activated form of ADP-ribose (ADP-Rib) (3) .
Unlike NAD, the second coenzyme NADP has been found so far to serve exclusively oxidoreduction reactions. Here, the additional phosphate group in the 2'-hydroxyl position of the adenine-proximal ribose is used as a signal for dehydrogenases serving primarily anabolic reactions. However, NADP also has two energy-rich bonds that provide an activated adenosine 2'-phosphate, 5'-diphosphate ribose (P-ADP-Rib) and an activated adenosine 2',5'-bisphQsphate (P-AMP) residue, respectively (cf. Fig. 1 ). Thus, the 2'-phosphate group in NADP also could serve as a discriminating signal for transferases functionally different from ADP- ribosyltransferases or adenylyltransferases. To date, however, neither phosphoADP-ribosyl-nor phosphoadenylyltransferases have been described, except perhaps for a nonspecific ADP-ribosyltransferase from turkey erythrocytes that can release nicotinamide from NAD and NADP with similar efficiency in the presence (or absence) of guanidino compounds (4) . Here we report on phosphoadenylylation as a type of enzymatic covalent modification, which differs from the ATP-dependent adenylylation of prokaryotic glutamine synthetase, described by Stadtman and co-workers (5) and by Holzer and co-workers (6) , and also from the autoadenylylation of bacterial DNA ligase as an intermediate step in DNA ligation (7) .
MATERIALS AND METHODS
Labeled Compounds. Synthesis of labeled NADP from labeled NAD (8) will be described in detail elsewhere.
Briefly, 4 Microsomes of rat liver were obtained from the postmitochondrial (12 ,000 x g) supernatant by centrifugation at 100,000 x g for 60 min. The pellet was resuspended in 20 ml of 10 mM Hepes (pH 7.2), and aliquots were kept frozen (-300C) until use. Triton X-114-extracted microsomes were obtained by sonication (five times for 5 sec at maximal output, 0C) in 0.5% purified (10) Triton X-114/10 mM Hepes, pH 7, and centrifugation (100,000 x g, 60 min). The pellet was resuspended in 10 mM Hepes (pH 7.2). Rat liver nuclei were isolated as described (11 buffer, pH 7.6 (18) , incubated in the presence of 1 mM dithiothreitol for 30 min at 37°C, and applied to 10% slab gels (sample buffer, pH 7.6). The gels were stained with Coomassie blue, destained, and either dried for autoradiography (with the application of enhancer) or sliced (2-mm slices). To release the labeled components, slices were heated in 1 ml of 5% (vol/vol) trichloroacetic acid or 0.1 M NaOH (100'C, 60 min), and the radioactivity was measured.
RESULTS
Apparent PhosphoADP-Ribosyltransferase Activity in Microsomes from Rat Liver. When microsomal preparations from rat liver were incubated with labeled NADP, a time-and concentration-dependent incorporation of adenine equivalents into the trichloroacetic acid-insoluble fraction was observed (Fig. 2 ). This activity was not caused by a phosphatase-catalyzed breakdown of NADP to NAD and a subsequent ADP-ribosylation, because NAD was much less active than NADP in this system. Due presumably to the trapping of labeled substrates and/or breakdown products, the incorporation of adenine equivalents into the acidinsoluble fraction did not exactly reflect formation of covalently modified polypeptides as analyzed by NaDodSO4 gel electrophoresis. When NADP was the substrate, and the trichloroacetic acid-insoluble reaction products were separated by NaDodSO4 gel electrophoresis and subjected to autoradiography, one major radioactive polypeptide with an apparent molecular weight of 40,000 was seen. NAD was nearly ineffective in this test. The NADP-dependent labeling of p40 was much more pronounced in Triton X-114-extracted microsomes, suggesting that there were Triton-extractable inhibitors (Fig. 2, Inset) .
Characterization of the Transferase Reaction as 2'-Phosphoadenylylation of p40. (3 x 106 cpm each) at 37C for 120 min. C 1) this compound was used as a substrate for the microsomal reaction, 3H and 33P were incorporated into p40 at the same ratio present in the labeled NADP (Fig. 3A) . Thus the modified acceptor contained at least the 2'-phosphate group, the associated ribose, and the adenine ring of NADP. However, when NADP labeled in the nicotinamide-proximal ribose was the substrate, virtually no labeling of the acceptor was seen (Fig. 3C) To gain further support for this interpretation, we have also synthesized NADP labeled with 32P at the 5'-phosphate group of the AMP moiety or at the 5'-phosphate group of the NMN moiety. The former substrate again yielded a labeled derivative migrating to the position ofp40 (Fig. 3C) , while p40 was not labeled when NADP labeled in the NMN-linked 5"-phosphate group was used (Fig. 3B) , thus confirming the data obtained with NADP labeled at the NMN-linked ribose.
P-ADP-Rib Is the True Substrate of the Phosphoadenylylation Reaction. The reaction with [3H]NADP was analyzed for inhibition by various phosphoAMP analogs. No significant interference ofp40 phosphoadenylylation was seen by any of these derivatives when added at concentrations equimolar to the NADP, except for P-ADP-Rib. When free P-[3H]ADPRib was used as a precursor instead of NADP, incorporation of adenine equivalents into p40 was equal or even higher than with NADP (cf. Fig. 5 ). Incorporation from labeled P-AMP was insignificant. This suggested that P-ADP-Rib rather than NADP was the true substrate. The cpm; 250 cpm of3H per pmol of NADP, 1.5 x 107 cpm) was incubated in 650 ul containing 100 mM Hepes, pH 7.0, and the microsomal pellet remaining after extraction with 0.5% Triton X-114 (1.6 mg of protein). Aliquots were removed at the indicated times and processed. The trichloroacetic acid-insoluble residue was dissolved in sample buffer and analyzed for p40 labeling by gel electrophoresis. Aliquots ofthe trichloroacetic acid-soluble fraction were analyzed by HPLC using ,Bondapak C18 columns and 20 mM phosphate to 20 mM phosphate/50%o (vol/vol) methanol gradients. Inset: Time course of p40 labeling. min, NADP was degraded to negligible concentrations (Fig.   4 ); yet, incorporation of P-AMP residues into p40 continued linearly for at least 75 min (Fig. 4, Inset) Transfer of P-AMP residues from P-ADP-Rib appeared to be enzymatic in nature as indicated by the sensitivity towards heating and towards short exposure to NaOH or trichloroacetic acid (Table 1) .
Preliminary Characterization of the Phosphoadenylyltransferase System. PhosphoAMP transferase activity was not only present in rat liver microsomes, but also in Ehrlich ascites tumor (EAT) cells, where most activity was found in the cytosol (see below). In both systems, transferase activity was specific for P-ADP-Rib. Although ADP-Rib was able to interfere with the transfer reaction, concentrations 100-fold higher than the substrate were required to inhibit the reaction to 36% ( to phosphodiesterase I, more detailed studies are required to elucidate the true nature of the linkage involved. Subcellular Distribution of Phosphoadenylyltransferase. When rat liver was fractionated into subcellular compartments, no significant endogenous P-AMP transfer reaction was found in nuclei or plasma membranes, but high specific activity was found in the microsomal fraction, especially when inhibitory factors were removed by treatment with Triton X-114, and small amounts of transferase activity were also observed in the cytosol. Microsomal preparations from mouse brain and from EAT cells also exhibited phosphoadenylylating activity with the preferential modification of p40 (or a closely related acceptor). In the EAT cells, however, most activity was associated with the cytosol. In this case, the principal acceptor appeared to be slightly larger than p40 (cf. Fig. 5 ).
Preliminary data indicate that extracts from submitochondrial particles (inner membranes) from rat liver also exhibit P-AMP transfer to endogenous polypeptides when incubated with NADP or P-ADP-Rib. However, the mitochondrial system differed significantly from the microsomal reaction, leading to the modification ofmultiple acceptor polypeptides. Furthermore, in this system, Mn2+ ions intensified labeling and changed the pattern of modified proteins. Experiments performed with NADP labeled in the NMN moiety showed that the mitochondrial system also catalyzed the transfer of P-AMP rather than a modification of P-ADP-Rib residues. 
DISCUSSION
When exploiting the group transfer potential of NADP as opposed to NAD, incorporation of adenine equivalents together with 2'-phosphate groups into microsomal and mitochondrial preparations first suggested the presence of 2'-phosphoADP-ribosyltransferase activity. However, incubation with NADP species labeled in various parts of the molecule revealed that these transferases made use of the energy-rich bond in the pyrophosphate group ofNADP rather than of the bond linking P-ADP-Rib to the quaternary nitrogen of the pyridine ring (cf. Fig. 1 ). To our knowledge, this type of covalent modification has not been described before. It differs not only from enzymatic ADP-ribosylation reactions (cf. ref. 13 ), but also is distinct from nonenzymatic modification reactions, in which free ADP-Rib orP-ADP-Rib formed acid-stable adducts with mitochondrial polypeptides (9, 14, 15) and with glucose-6-phosphate dehydrogenase (16), respectively. While these reactions also proceeded in heatinactivated preparations (14) , significant impairment of p40 modification by P-ADP-Rib was seen already after short exposure of microsomes to 560C, and complete elimination of the reaction was achieved by heating to 960C for 5 min. Short treatment with cold alkali or cold acid also destroyed the transfer, as expected for an enzymatic reaction. Together with the reaction optimum at pH 6.8, the rather specific inhibition by P-ADP-Rib analogs and by certain divalent ions as well as the high substrate specificity, these data strongly point to the enzymatic nature of the phosphoadenylylation reaction.
It is interesting to note that the microsomal and cytosolic system preferentially modified a single polypeptide (p40) while in mitochondria several proteins became phosphoadenylylated. The pattern of mitochondrial polypeptides carrying P-AMP residues could be markedly changed by the presence of Mn2+ ions.
Without isolation of modified p40, no reliable data as to the stoichiometry of the reaction can be given. Preliminary data, however, indicate that more than 15% of the p40 were modified under conditions that did not lead to saturation.
Basically, phosphoadenylylation bears some similarity to adenylylation reactions first described by Stadtman and co-workers (5) and by Holzer and co-workers (6) as a mechanism to modulate glutamine synthetase activity in prokaryotes. In this case, however, ATP is used as a substrate providing the activated form of adenylate. There is also a certain similarity to the bacterial DNA ligase reaction, where transfer of AMP to the active center of the enzyme appears to be an intermediate step in the overall reaction occurring with NAD as a substrate (7) .
Modification of eukaryotic proteins by phosphoadenylylation seems to be closely linked to the metabolism of NADP, because the true substrate P-ADP-Rib presumably can only be provided via NADP. The modification process, therefore, might depend not only on the activity of the phosphoadenylyltransferase, but also on the cellular concentration of NADP as well as on the NADP/NADPH ratio since NADPH is quite resistant to NADP glycohydrolase.
Phosphoadenylylation of proteins may also allow us to attribute a new function to the enzymes that hydrolyze NADP at the glycosidic bond linking P-ADP-Rib to the N1 of the nicotinamide moiety. Beyond a mere catabolic action on an essential coenzyme, these NADP glycohydrolases provide the ultimate substrate for P-AMP transferase(s), the specificity of which precludes direct use of NADP or NADPH for the modification reaction. Glycohydrolase activity could thus become a rate-limiting factor in phosphoadenylylation.
While the cellular NADP concentration in liver appears to be well above 200 ,uM (cf. ref. 17) , steady state levels of P-ADP-Rib may be much lower. However, phosphoadenylylation of p40 proceeds even at 3 ,uM substrate concentration with remarkable efficiency (about 10% of that at the Km concentration). Furthermore, NADP glycohydrolase and phosphoadenylyltransferase may form a complex thus channeling the glycohydrolase product P-ADP-Rib directly to the transferase.
So far, neither the function of the acceptor polypeptide(s) nor the consequences of their modification are known. However, the occurrence of this reaction in various higher eukaryotes, in dividing cells and resting tissues, in tumors, and in terminally differentiated cells suggest an important function in cellular regulation.
